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Recent developments in the theory of CP violation in the B-meson system are reviewed, with focus on 
the determination of sin 2/3 from B ^ J/ip K decays, its implications for tests of the Standard Model 
and searches for New Physics, and the determination of 7 and a from charmless hadronic B decays. 



1 Introduction 

The phenomenon of CP violation is one of the 
most intriguing aspects of modern physics, 
with far-reaching implications for the micro- 
scopic world as well as for the macrocosmos. 
CP violation means that there is a funda- 
mental difference between the interactions of 
matter and anti-matter, which in conjunction 
with the CPT theorem implies a microscopic 
violation of time-reversal invariance. CP vi- 
olation is also responsible for the observed 
asymmetry in the abundance of matter and 
anti-matter in the Universe, which is a pre- 
requisite for our existence. 

The Standard Model (SM) of particle 
physics provides us with a parameterization 
of CP violation but does not explain its origin 
in a satisfactory way. In fact, CP violation 
may occur in three sectors of the SM: in the 
quark sector via the phase of the Cabibbo- 
Kobayashi-Maskawa (CKM) matrix, in the 
lepton sector via the phases of the neutrino 
mixing matrix, and in the strong interactions 
via the parameter Oqcb ■ CP violation in the 
quark sector has been studied in some detail 
and is the subject of this talk. The nonobser- 
vation of CP violation in the strong interac- 
tions is a mystery (the "strong CP puzzle"ld) , 
whose explanation requires physics beyond 
the SM (such as a Peccei-Quinn symmetry, 
axions, etc.). CP violation in the neutrino 
sector has not yet been explored experimen- 
tally. 

The discovery of CP violation in the 
B system, as reported this summer by the 



BaBam and BelleS Collaborations, is a tri- 
umph for the Standard Model. There is now 
compelling evidence that the phase of the 
CKM matrix correctly explains the pattern 
of CP-violating effects in mixing and weak 
decays of kaons, charm and beauty hadrons. 
Specifically, the CKM mechanism explains 
why CP violation is a small effect in K-K 
mixing {tx) and if ^ tttt decays (e'/^)i "^^y 
CP-violating effects in charm physics are be- 
low the sensitivity of present experiments, 
and why CP violation is small in B-B mixing 
(es) but large in the interference of mixing 
and decay in _B J/^K {suy2(3^k)- The 
significance of the sin 2[3^k measurement is 
that for the first time a large CP asymmetry 
has been observed, proving that CP is not an 
approximate symmetry of Nature. Rather, 
the smallness of CP violation outside the B 
system simply reflects the hierarchy of CKM 
matrix elements. 

Besides CP violation, the CKM mech- 
anism explains a vast variety of flavor- 
changing processes, including leptonic de- 
cays, semileptonic decays (from which the 
magnitudes of most CKM elements are de- 
termined), nonleptonic decays, rare loop pro- 
cesses, and mixing amplitudes. The CKM 
matrix is a unitary matrix in flavor space, 
which relates the mass eigenstates of the 
down-type quarks with the interaction eigen- 
states that are involved in flavor-changing 
weak transitions. It has a hierarchical struc- 
ture, and (with the standard phase conven- 
tions) the CP-violating phase appears in the 
smallest matrix elements, Vub and Vtd- The 
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Figure 1. Summary of stsHidard constraints and 
global fit in the (p, f)) planea 



CKM matrix is described by four observable 
parameters, which can be taken to be the 
parameters of the Wolfenstein parameteriza- 
tion. Two of them, A = 0.222 ± 0.004 and 
A = 0.83 ±0.07 (at 95% confidence level) are 
rather accurately known, whereas the other 
two, p and ifj, are more uncertain. A conve- 
nient way of summarizing the existing infor- 
mation on p and fj is to represent the unitar- 
ity relation F^Kd + V/b^cd + V^lVtd = as 
a triangle in the complex plane. If the trian- 
gle is rescaled such that is has base of unit 
length, then the coordinates of the apex are 
given by (p, fj) . The angles of the unitarity 
triangle are related to CP violation. Figure]^ 
shows an exampleo of a recent global analy- 
sis of the unitarity triangle, combining mea- 
surements of \Vcb\ and \Vub\ in semileptonic 
B decays, \Vtd\ in B-B mixing, and the CP- 
violating phase of V^^ in K-K mixing and 
B —t J/ij^K decays. The values obtained at 
95% confidence level are p = 0.21 ± 0.12 and 
f] = 0.38 ±0.11. The corresponding results 
for the angles of the unitarity triangle are 
sin 2(3 = 0.74 ± 0.14, sin 2a = -0.14 ± 0.57, 
and 7 — (62±15)°. These studies have estab- 
lished the existence of a CP-violating phase 
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Figure 2. Tree and penguin topologies in _B ^ J/'^p K 
decays. 



in the top sector of the CKM matrix, i.e., the 
fact that Im(V^j^) cx 77 7^ 0. 

2 Determination of sin 2(3^k 

In decays of neutral B mesons into a CP 
eigenstate /cp , an observable CP asymmetry 
can arise from the interference of the ampli- 
tudes for decays with an without B~B mix- 
ing, i.e., from the fact that the amplitudes 
for B" fcp and B° ^ B^ /cp must 
be added coherently. The resulting time- 
dependent asymmetry is given by 

r(B°(t)-/cp)-r(B"(i)^/cp) 



Acp{t) 

_ 2Im(A) 
" 1 + IAP 



where A 



r{BO{t)- 
sin(Amc;t) 



/cp) + r(s"(t)^/cp) 

1-|A|2 



1 + IAP 



cos{Amdt) 



J4> 



''A/ A, ipd is the B-B mixing 
phase (which in the SM equals —2/3), and 
A (A) denotes the B° (5°) fcp decay am- 
plitude. If the amplitude is dominated by a 
single weak phase (f>A, then |A| ~ 1 and 

Acp{t) ~ ?7/cp sin(0d - 20yi) sin(Amdt) , 

where rjf^p = ±1 is the CP signature of the 
final state. 

The "golden mode" B J/tpKs (for 
which rj^Ks = ~1) is based on 6 ^ ccs 
transitions, which in the SM can proceed via 
tree or penguin topologies, as shown in Fig- 
ure ^. To an excellent approximation the 
decay amplitude for this process is real. A 
weak phase is introduced only through com- 
ponents of the up- and top-quark penguin di- 
agrams that are strongly CKM suppressed. 
Parametrically, the "penguin pollution" to 
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the weak phase from these effects is of or- 
der A(/.^ ~ X^iP/T) ~ f%, where P/T ~ 0.2 
is the tree-to-penguin ratio. It follows that 
Acp(t) ~ sin 2/5 sin( Am^i) with an accuracy 
of about 1%. 

This summer, the BaBar and Belle Col- 
laborations have presented measurements of 
sin 2(3^K with unprecedented precisioix The 
results are 0.59 ± 0.14 ± 0.05 (BaBaifl) and 
0.99 ± 0.14 ± 0.06 (Bellei), which when com- 
bined with earlier determinations lead to 
the new world average sin 2/3^ ^ = 0.79 ± 
0.10. The expectation obtained from the 
global analysis of the unitarity triangle (leav- 
ing aside earlier sin 2P^k measurements) was 
sin 2/3 = 0.68 ±0.21 at 95% confidence level,! 
in good agreement with the new data. 

The above discussion relies on the SM 
and could be upset if there existed a New 
Physics contribution to B-B mixing, or a 
new contribution to the b —^ ccs transition 
amplitude with a nonzero weak phase 0np-@ 
The latter case is, however, rather unlikely, 
since such a nonstandard contribution could 
hardly compete with the large tree-level am- 
plitude of the SM. Otherwise there should 
be signals of direct CP violation in decays 
such as B^ J/ipK^^ and there should 
be other b qqs New Physics contributions 
of similar strength (~ A^), which would up- 
set the phenomenology of charmless hadronic 
decays such as B ^ ttK, tttt, etc. Hence, 
it appears safe to assume that even in the 
presence of New Physics the time-dependent 
CP asymmetry observed in B ^ J/tp K de- 
cays measures the B-B mixing phase, so that 
sm2(3^K = — sin (/)((. The good agreement of 
the measured phase with the SM prediction 
suggests that at least the dominant part of 
the B-B mixing phase is due to the phase 
of the CKM matrix element Vtd- (This ig- 
nores the possibility of an accidental agree- 
ment made possible by a discrete ambigu- 
ity. In other words, there could still be a 
large New Physics contribution to B-B mix- 
ing such that 0^ sa TT -t- 2/3.) 



3 The Quest for New Physics 

While we are amazed by the workings of 
the SM, some theorists will be disappointed 
by the fact that sin2/3^x does not show a 
hint for New Physics. In many extensions 
of the SM it would have been quite possible 
(sometimes even required) for the B- 
ing phase to differ from its SM value! 
For instance, potentially large effects could 
arise in models with iso-singlet down-type 
quarks and tree-level flavor-changing neutral 
currents,Ej left-right symrnetncjnodels with 
spontaneous CP violationE3£jO (which are 
now excluded by the data), and SUSY mod- 
els with extended minimal flavor violation.Ej 
On the contrary, only small modifications of 
sin 2(3^K SLie allowed in a class of models with 
so-called minimal flavor violationJlJ'ESEZl for 
which one can derive the bounds 0.52 < 
sm2f3^K < 0.78. 

Much like the stunning success of the SM 
in explaining electroweak precision data, the 
observed lack of deviations from the predic- 
tions of the CKM model is, to some extent, 
surprising. Recall that the CKM mechanism 
neither explains the baryon asymmetry in the 
Universe nor offers a clue as to why CP vi- 
olation does not occur in the strong inter- 
actions. There are good arguments suggest- 
ing that the stability of the electroweak scale 
will be explained by some New Physics at or 
below the TeV scale. But virtually all ex- 
tensions of the SM contain many new CP- 
violating couplings. For instance, a minimal, 
unconstrained (i.e., not fine-tuned) SUSY ex- 
tension introduces 43 complex couplings in 
addition to the CKM phase. The fact that 
experiments have not shown any trace of non- 
standard CP violation is puzzling and cre- 
ates what one may call the "CP problem" . 
It is not unlikely that the "decoupling" of 
nonstandard CP violation effects is linked to 
the decoupling of New Physics in the sector 
of electroweak symmetry breaking. In that 
sense, the B factories offer a complementary 
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strategy for probing TeV-scale physics. Like 
with the search for the explanation of elec- 
troweak symmetry breaking, the fact that we 
have not yet found New Physics in the flavor 
sector does not mean that it is not there, it 
just means we have to look harder. Hence, 
the strategy should be to keep searching for 
(probably small) deviations from the CKM 
paradigm with ever more precise measure- 
ments. 

Given what we have learned about flavor 
physics in the kaon and beauty systems, there 
is still plenty of room for New Physics effects 
in both mixing and weak decays, and there is 
reason to hope that departures from the pre- 
dictions of the SM may be discovered soon. 
Following is a list of options for discovering 
some potentially large New Physics effects: 

1. Check if the strength of Bg-Bg mixing is 
correctly predicted by the SM, i.e., confirm 
or disprove that Ato^ w (17 ± 3) ps^^. 

2. Measure the CP-violating phase 7 = 
a.Tg{V*ij) in the bottom sector and check if it 
agrees with the value inferred from the stan- 
dard global analysis of the unitarity triangle 
using measurements of CP violation in the 
top sector. The current prejudice that 7 must 
be less than 90° relies on the assumption that 
Bg-Bg mixing is not affected by New Physics. 
A first opportunity for probing 7 directly is 
offered by the analysis of charmless hadronic 
B decays, as discussed below. 

3. Probe for New Physics in a variety of rare 
decay processes (proceeding through penguin 
and box diagrams in the SM). Some examples 
are: 

• Check if sin2/30x = sin2/3^x- If 
not, this would be clear evidence for 
New Physics in 6 — > sss penguin 
transitions .Ea 

• Look for a direct CP asymmetry in B — > 
Xg^ decays. Any signal exceeding the 
level of 1% would be a clear sign of New 
Physics in radiative penguin decays.113 

• Check if 7 measured in the penguin- 
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Figure 3. Tree and penguin topologies in charmless 
hadronic B decays. 

dominated decays B —^ ttK agrees with 
7 extracted from pure tree-processes 
such as B ^ DK and B i:)*7r.@0 

• Look for New Physics in i? — > Kl~^l~ de- 
cays, for instance by testing the predic- 
tion of a form-factor zenvLaJhe forward- 
backward asymmetry.E3EjO 

4. Measure the branching ratios for the very 
rare kaon decays — > tt^vD and — > 
tt'^vv, which allow for an independent con- 
struction of the unitarity trianglccJ 

5. Search for New Physics in D-D mixing 
and charm weak decays. 

6. Continue to look for CP violation outside 
of flavor physics by probing electric dipole 
moments of the neutron and electron. 

4 Charmless Hadronic Decays 

After establishing the existence of a weak 
phase in the top sector by showing that 
Im(Vj^) 7^ 0, the next step in testing the 
CKM paradigm must be to explore the CP- 
violating phase in the bottom sector, 7 = 
arg{V*ij). In the SM the two phases are, of 
course, related to each other. However, as 
discussed above there is still much room for 
New Physics to affect the magnitude of flavor 
violations in both mixing and weak decays. 

Common lore says that measurements of 
7 are difficult. Several theoretically clean de- 
terminations of this phase from pure tree pro- 
cesses such as B ^ DK^ and B D*nM 
have been suggested, which are extremely 
challenging experimentally. Likewise, mea- 
surements oi l3 + J = IT — a using isospin 
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Hadronic Matrix Elements 



General Amplitude Parameterizations: 
Isospin and SU(3) Flavor Symmetry 
Amplitude Triangles, Quadrangles, ... 
Maximal Use of Measurements 



QCD-Based Calculations: 

QCD Factorization (HQL) 
pQCD, QCD Sum Rules, Lattice 

Maximal Use of Theory (ambitious ! ) 



QCD Factorization 
+ 

Fleischer-Mannel Bound 
Neubert-Rosner Bound 
Bounds -> Determinations 



QCD Factorization 
+ 

Phenom. Penguin Amplitude 
Charming Penguins, ... 



Figure 4. Strategies used to determine hadronic matrix elements entering charmless hadronic B decays. 



analysis in B ^ nn decayaHior Dalitz plot 
analysis in B ^ tttttt decaysE2l are very diffi- 
cult. It is more accessible experimentally to 
probe 7 via the sizeable tree-penguin inter- 
ference in charmless hadronic decays such as 
B nK and B nn. The basic decay 
topologies contributing to these modes are 
shown in Figure |^. Experiment shows that 
the tree-to-penguin ratios in the two cases are 
roughly \T/P\^K « 0.2 and \P/T\^^ « 0.3, 
indicating a sizeable amplitude interference. 
It is important that the relative weak phase 
between the two amplitudes can be probed 
not only via CP asymmetry measurements 
(~ sin 7), but also via measurements of CP- 
averaged branching fractions cos 7). 

Extracting information about CKM pa- 
rameters from the analysis of nonleptonic B 
decays is a challenge to theory, since it re- 
quires some level of control over hadronic 
physics, including strong-interaction phases. 
Figure || illustrates the two main strategies 
for tackling the problem of hadronic ma- 
trix elements: general amplitude parame- 
terizations avoiding any dynamical input on 
one hand, and QCD-based calculations on 
the other. In the first approach, decay 
amplitudes are cataloged according to the 
flavor topologies that can contribute to a 



given decay process, such as tree topologies, 
penguin topologies, annihilation topologies, 
etcEJ The various topologies can be related 
to renormalization-group invariant combina- 
tions of operator matrix elements of the ef- 
fective weak Hamiltonian,Eil but no attempt 
is made to calculate these matrix elements 
from first principles. Instead, isospin symme- 
try or, more generally, SU(3) flavor symmetry 
is used to obtain relations between the vari- 
ous amplitudes in different decay modes. Ex- 
perimental data is then used to determine as 
many hadronic parameters as possible. This 
leads to the well-known amplitude triangle 
(and quadrangle) constructions, from which 
CP-violating phases can be extracted (mod- 
ulo discrete ambiguities) in the limit of exact 
flavor symmetry.E3 QCD-based calculations 
of hadronic matrix elements are more ambi- 
tious in that they aim at an understanding of 
the underlying strong-interaction dynamics 
from first principles. Factorization theorems 
(such as the QCD factorization apDmachEaE^ 
and the hard-scattering approachB3'E3) attack 
this problem by exploiting the heavy-quark 
limit. Other schemes, such as QCD sum rules 
and lattice QCD, are applicable to a wider 
class of processes, including hadronic decays 
of light mesons. Unfortunately, at present 
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these approaches still face tremendous tech- 
nical difficulties when attempting the calcula- 
tion of nonleptonic decay amplitudes. A very 
promising strategy is to combine the results 
obtained using amplitude parameterization 
with some dynamical information derived 
from QCD-based calculations. For instaune,^ 
in that way model-independent boundsr^rP^ 
on the CP-violating phase 7 can be turned 
into determinations of 7 that are subject to 
only very small theoretical uncertainties. 

5 QCD Factorization 

The statement that hadronic weak decay am- 
plitudes simplify greatly in the heavy-quark 
limit rrih 3> Aqcd will not surprise those who 
have followed the dramatic advances in the 
theoretical understanding of B physics dur- 
ing the past decade. Many areas of B physics, 
from spectroscopy to exclusive semileptonic 
decays to inclusive rates and lifetimes, can 
now be systematically analyzed using heavy- 
quark expansions. Yet, the more compli- 
cated exclusive nonleptonic decays have long 
resisted theoretical progress. The technical 
reason is that, whereas in most other appli- 
cations of heavy-quark expansions one pro- 
ceeds by integrating out heavy fields (leading 
to local operator product expansions) , in the 
case of nonleptonic decays the large scale mt 
enters as the energy carried by light fields. 
Therefore, in addition to hard and soft sub- 
processes collinear degrees of freedom become 
important. This complicates the understand- 
ing of hadronic decay amplitudes using the 
language of effective field theory. (Yet, sig- 
nificant progress towards an effective field- 
theory description of nonleptonic decays has 
been made recently with the establishment 
of a "coUinear-soft effective theory" E3 The 
reader is referred to these papers for more 
details on this development.) 

The importance of the heavy-quark limit 
is li nked to the idea of color transparen- 
cy.c2lclle3 A fast-moving light meson (such as 



a pion) produced in a point-like source (a lo- 
cal operator in the effective weak Hamilto- 
nian) decouples from soft QCD interactions. 
More precisely, the couplings of soft gluons to 
such a system can be analyzed using a mul- 
tipole expansion, and the leading contribu- 
tion (from the color dipole) is suppressed by 
a power of Aqco/wb. The QCD factoriza- 
tion approach provide5_^a_systematic imple- 
mentation of this ideaEjO It yields rigorous 
results in the heavy-quark limit, which are 
valid to leading power in Aqcd /"Tib but to 
all orders of perturbation theory. Having ob- 
tained control over nonleptonic decays in the 
heavy-quark limit is a tremendous advance. 
We are now able to talk about power correc- 
tions to a well-defined and calculable limiting 
case, which captures a substantial part of the 
physics in these complicated processes. 

The workings of QCD factorization can 
be illustrated with the cartoons shown in 
Figure ^. The first graph shows the well- 
known concept of an effective weak Hamil- 
tonian obtained by integrating out the heavy 
fields of the top quark and weak gauge bosons 
from the SM Lagrangian. This introduces 
new effective interactions mediated by local 
operators Oi{^) (typically four-quark opera- 
tors) multiplied by calculable running cou- 
pling constants Ci{fi) called Wilson coeffi- 
cients. This reduction in complexity (non- 
local heavy particle exchanges local effec- 
tive interactions) is exact up to corrections 
suppressed by inverse powers of the heavy 
mass scales. The resulting picture at scales 
at or above mt, is, however, still rather com- 
plicated, since giuon exchange is possible be- 
tween any of the quarks in the external me- 
son states. Additional simplifications occur 
when the renormalization scale fi is lowered 
below the scale mb- Then color transparency 
comes to play and implies systematic cancel- 
lations of soft and collinear gluon exchanges. 
As a result, all "nonfactorizable" exchanges, 
i.e., gluons connecting the light meson at the 
"upper" vertex to the remaining mesons, are 
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H< nib 





Figure 5. Factorization of short- and long-distance 
contributions in hadronic B decays. Upper: Fac- 
torization of short-distance effects into Wilson coeffi- 
cients of the effective weak Hamiltonian. Lower: Fac- 
torization of hard "nonfactorizable" gluon exchanges 
into hard-scattering kernels (QCD factorization). 



dominated by virtiialities of order m;, and 
can be calculated. Their effects are absorbed 
into a new set of running couplings T^- (/i) 
called hard-scattering kernels, as shown in 
the two lower graphs. What remains are "fac- 
torized" four-quark and six-quark operators 
Qfact^^-j g^j-^^ whose matrix elements 

can be expressed in terms of form factors, 
decay constants and light-cone distribution 
amplitudes. As before, the reduction in com- 
plexity (local four-quark operators — > "fac- 
torized" operators) is exact up to corrections 
suppressed by inverse powers of the heavy 
scale, now set by the &-quark mass. 

The factorization formula is valid in all 
cases where the meson at the "upper" ver- 
tex is light, meaning that its mass is much 



smaller than the 6-quark mass. The sec- 
ond term in the factorization formula (the 
term involving "factorized" six-quark opera- 
tors) gives a power-suppressed contribution 
when the final-state meson at the "lower" 
vertex is a heavy meson (i.e., a charm me- 
son) , but its contribution is of leading power 
if this meson is also light. 

Factorization is a property of decay am- 
plitudes in the heavy-quark limit. Given 
the magnitudes of "nonfactorizable" effects 
seen in kaon, charm and beauty decays, 
there can be little doubt about the rel- 
evance of the heavy-quark limit _tp un- 
derstanding nonleptonic processesJi3 Yet, 
for phenomenological applications it is im- 
portant to explore the structure of at 
least the leading power-suppressed correc- 
tions. While no complete classification 
of such corrections has been achieved to 
date, several classes of power-suppressed 
terms have been analyzed and their ef- 
fects estimated. They include "chirally- 
enhanced" power corrections ,e3 weak anni- 
hilation contributions ,000 and power cor- 
rections due_^to nonfactorizable soft gluon 
exchange.00@ With the exception of the 
"chirally-enhanced" terms, no unusually 
large power corrections (i.e., corrections ex- 
ceeding the naive expectation of 5-10%) have 
been identified so far. Nevertheless, it is im- 
portant to refine and extend the estimates of 
power corrections. Fortunately, the QCD fac- 
torization approach makes many testable pre- 
dictions. Ultimately, therefore, the data will 
give us conclusive evidence on the relevance 
of power-suppressed effects. Many tests can 
already be performed using existing data. 



5.1 Tests of Factorization in B ^ D'^*^ L 

In B decays into a heavy-light final state, 
when the light meson is produced at the 
"upper" vertex, the factorization formula as- 
sumes its simplest form. Then only the 
form factor term (the first graph in the lower 
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portion of Figure g|) contributes at leading 
power. This is also the place where QCD 
factorization is best established theoreti- 
cally. The systematic cancellation of soft and 
collinear singularities has been demonstra,ted 
to all orders in perturbation theoryj^a and 
in the "large-/3o limit" of QCD it has been 
shown that the hard-scattering kernels are 
free of power-like endpoint singularities as 
one of the quarks in the light meson becomes 
a soft parton.@ (It is still an open question 
whether such a smooth behavior persists in 
higher orders of full QCD.) 

In the case of the decays — > D^*^^L~ , 
where L denotes a light meson, the fla- 
vor content of the final state is such that 
the light meson can only be produced at 
the "upper" vertex, so factorization applies. 
One finds that process-dependent "nonfac- 
torizable" corrections from hard gluon ex- 
change, though present, are numerically very 
small. All nontrivial QCD effects in the de- 
cay amplitudes are then described by a quasi- 
universal coefhcient [ai{D^*^ L)\ — 1.05 ± 
0.02 + 0(Aqcd/to&)" For a given decay 
channel this coefhcient can he determined ex- 
perimentally from the ratiocJ 

r{B° D*+L-) 

= &AVud?fl\ai{D'-*'>L)\\ 

Using CLEO data one obtains |ai(Z?*7r)| = 
1.08 ± 0.07, \ai{D*p)\ = 1.09 ± 0.10, and 
\ai{D*ai)\ = 1.08 ± 0.11, in good agree- 
ment with the theoretical prediction. This 
is a first indication that power corrections in 
these modes are under control, but more pre- 
cise data are required for a firm conclusion. 
For other tests of factorization in B decays to 
heavy-light final states the reader is referred 
to recent literature.ii§§'iil 

The experimental observation of un- 
expectedlv large rates for color-suppressed 
decaysS'ii such as i?" 7r° has at- 

tracted some attention. QCD factorization 



does not allow us to calculate the ampli- 
tudes for these processes in a reliable way. 
It predicts that these amplitudes are power- 
suppressed with respect to the corresponding 
B^ — > 7r~ amplitudes, but only by one 

power of Aqcd/^Jt-c- Specifically, the predic- 
tion is that a certain ratio of isospin ampli- 
tudes approaches unity in the heavy-quark 
limit: ^1/2/(^2^3/2) = 1 + 0(AQCD/mc). 
This scaling law is respected by the exper- 
imental data, which give A1/2/ {V^Aj,/2) = 
(0.70 ± 0.11) e±*(27±7)° fQj. Q _^ I^TT and 

(0.72 ± 0.08) e±*(2i±8)° foj. 5 ^ D*t:!B A 
rough theoretical estimate of the amplitude 
ratio, ^1/2/(^2^3/2) w 0.75e-i5°% had 
been obtained prior to the observation of the 
color-suppressed decays.Efl It anticipated the 
correct order of magnitude of the deviation 
from the heavy-quark limit. 

5.2 Tests of Factorization in B K*"f 

The QCD factorization approach not only ap- 
plies to nonleptonic decays, but also to other 
exclusive processes such as i? ^ V'f and 
B — !■ Vlijtir, where V = K*, p, ... is a vector 
meson.cSa The resulting factorization for- 
mula is similar (but simpler) to that for B 
decays into two light mesons. The study of 
exclusive radiative transitions therefore not 
only extends the range of applicability of the 
method, it also provides a new testing ground 
for the factorization idea. 

Interestingly, the analysis of isospin- 
breaking effects in radiative B decays, as 
measured by the quantit 

^ _r{B° K*°j)~T{B- ^ K*-j) 

= 0.11 ±0.07, 

gives a direct probe of power correc- 
tions to the factorization formula, since 
such effects are absent in the heavy-quark 
limit. A theoretical analysis of the lead- 
ing power-suppressed contributions gives 
Ao- = (8.0 + 2;!)% ^ (o.3/ri^-^*)ji where 
Tf^^' ~ 0.3 is a B ^ K* form factor. The 
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largest contribution comes from an annihila- 
tion contribution involving the penguin op- 
erator Og in the effective weak Hamiltonian. 
As a result, the quantity Aq- is a sensitive 
probe of the magnitude and sign of the ratio 
Cq/C-j^ of Wilson coefhcients. 

The theoretical prediction for Aq- is 
in agreement with the current experimental 
value. If this agreement persists as the data 
become more precise, this would not only 
test the penguin sector of the effective weak 
Hamiltonian but also provide a quantitative 
test of factorization at the level of power cor- 
rections. 



5.3 Tests of Factorization in S — > 7r_R', tttt 

The factorization formula for B decays into 
two light mesons is more complicated because 
of the presence of the two types of contribu- 
tions shown in the lower graph in Figure ^ 
The finding that these two topologies con- 
tribute aLJ;he same power in Aqcd / ^^ifc is 
nontrivialea and relies on the heavy-quark 



scaling law F 



-3/2 



for heavy-to- 



light form factors,@0L!l which is established 
less rigorously than the corresponding scal- 
ing law for heavy-to-heavy form factors. In 
the QCD factorization approach the kernels 
Tj^ (/i) are of order unity, whereas the kernels 
T^j^ (fi) contribute first at order as- Numeri- 
cally, the latter ones give corrections of about 
10-20% with respect to the leading terms. 
Therefore, the scaling laws that form the ba- 
sis of the QCD factorization formula appear 
to work well empirically. 

The factorization formula for B decays 
into two light mesons can be tested best by 
using decays that have negligible amplitude 
interference. In that way any sensitivity to 
the value of the weak phase 7 is avoided. For 
a complete theoretical control over charmless 
hadronic decays one must control the mag- 
nitude of the tree topologies, the magnitude 
of the penguin topologies, and the relative 
strong-interaction phases between trees and 



penguins. It is important that these three 
key features can be tested separately. Once 
these tests are conclusive (and assuming they 
are successful), factorization can be used to 
constrain the parameters of the unitarity tri- 
angle. 

Magnitude of the Tree Amplitude 

The magnitude of the leading B — s- tttt 
tree amplitude can be probed in the decays 
B^ — !■ TT^TT^, which to an excellent approx- 
imation do not receive any penguin contri- 
butions. The QCD factorization approach 
makes an absolute predictipn for the corre- 
sponding branching ratio,Ej 



Br(B=' 



I Kb I F.B^^O) 



0.0035 0.28 



X 5.3 to.4 (pars.) ±0.3 (power) • 10"^ 

which compares well with the experimental 
result (5.7 ± 1.5) x 10"'' (see the table in 
Figure |^ for a compilation of the experimen- 
tal data on charmless hadronic decays). The 
theoretical uncertainties quoted are due to in- 
put parameter variations and the modeling of 
power corrections. An additional large uncer- 
tainty comes from the present error on \Vub\ 
and the semilcptonic i? — > tt form factor. The 
sensitivity to these quantities can be elimi- 
nated by taking the ratio 

r(B± -> 7r±7r") 



dT{B" 



TT+l v)/dq\2^^ 



a. 



(7r7r)i2 



(0.68;°;Ji)GeV2. 



1.33 to 11 (pars.)±o.07 (power) 

This prediction includes a sizeable (~ 25%) 
contribution of the hard-scattering term in 
the factorization formula (the last graph in 
Figure ||). Unfortunately, this ratio has not 
yet been measured experimentally. 

Magnitude of the T/P Ratio 

The magnitude of the leading B ttK pen- 
guin amplitude can be probed in the decays 
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— » TT^K^, which to an excellent approx- 
imation do not receive any tree contribu- 
tions. Combining it with the measurement 
of the tree amplitude just described, a tree- 
to-penguin ratio can be determined via the 
relation 



-cxp " 



tan6'/ 



K 



2Br(B^ 



Br(B± 



The present experimental value Eexp = 
0.223 ± 0.034 is in good agreement with 
the theoretical prediction eth = 0.24 ± 
0.04 (pars.) ± 0.04 (power) ± 0.05 (Kb),^ 
which is independent of form factors but 
proportional to |Ki6/K:fc|. This is a highly 
nontrivial test of the QCD factorization ap- 
proach. Recall that, when the first mea- 
surements of charmless hadronic decays ap- 
peared, several authors remarked that the 
penguin amplitudes were much larger than 
expected based on naive factorization mod- 
els. We now see that QCD factorization re- 
produces naturally (i.e., for central values 
of all input parameters) the correct magni- 
tude of the tree-to-penguin ratio. This ob- 
servation also shows that there is no need 
to supplement the QCD factorization predic- 
tions in an ad hoc way by adding enhanced 
phenomenological penguin amplitudes, such 
as the "nonperturbative charming penguins" 
introduced some time ago.E3 (The effects 
of charming penguins can be parameter- 
ized in terms of a "bag parameter" Bi — 
(0.13 ± 0.02) e»(i88±82)° g^^g^ ^Yie data on 
charmless decaysS By definition, this pa- 
rameter contains the contribution from the 
perturbative charm loop, which is calcula- 
ble in QCD factorization. Using the fac- 
torization approach one finds that ff^^'^^ = 
(0.09t°:°3+go4)g»(i85±3±2i)°^ where the er- 

rors are due to input parameter variations 
and the estimate of power corrections. The 
perturbative contribution to the central value 
is 0.08; the remaining 0.01 is mainly due to 
weak annihilation. Hence, within errors QCD 
factorization can account for the "charming 



penguin bag parameter" , which is in fact 
dominated by short-distance physics.) 

Strong Phase of the T/P Ratio 

The QCD factorization approach predicts 
that strong-interaction phases in most 
charmless hadronic B decays are paramet- 
rically suppressed in the heavy-quark limit, 
i.e., (j)st = 0[as{mb),AQCB/'mb\. This im- 
plies small direct CP asymmetries since, e.g., 
Acp{tt^K~) ~ —2 1^1 sin7 sint/fgt. The sup- 
pression results as a consequence of sys- 
tematic cancellations of soft contributions, 
which are missed in phenomenological mod- 
els of final-state interactions. In many other 
schemes the strong-interaction phases are 
predicted to be much larger, and therefore 
larger CP asymmetries are expected. Table |l| 
shows that first experimental data provide no 
evidence for large direct CP asymmetries in 
B — > t:K decays. However, the errors are 
still too large to draw a definitive conclusion 
that would allow us to distinguish between 
different theoretical predictions. 

5.4 Remarks on Sudakov Logarithms 

In recent years, Li and collaborators have 
proposed an alternative scheme for calculat- 
ing nonleptonic B decay amplitudes based o n 
a perturbative hard-scattering approach.oE^ 
From a conceptual point of view, the main 
difference between QCD factorization and 
this so-called pQCD approach lies in the lat- 
ter's assumption that Sudakov form factors 
effectively suppress soft-gluon exchange in di- 
agrams such as those shown in Figure I As 
a result, the B ^ w and B ^ K form fac- 
tors are assumed to be perturbatively cal- 
culable. This changes the counting of pow- 
ers of Us- In particular, the nonfactoriz- 
able gluon-exchange diagrams included in the 
QCD factorization approach, which are cru- 
cial in order to cancel the scale and scheme- 
dependence in the predictions for the decay 
amplitudes, are formally of order in the 
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Table 1. Direct CP asymmetries in B — » ivK decays 





E 


p5 




Beneke at alS 


Theory 
Kcum et al.E3 


Ciuchini ct alH 






AcA^+K-) (%) 


-4.8 


±6.8 


5±9 


-18 


±(17 ±6) 


Acp(7r0i^-) (%) 


-9.6 ± 11.9 


7±9 


-15 


±(18 ±6) 


AcA^-K^) (%) 


-4.7 ± 13.9 


1 ± 1 


-2 


±(3 ±3) 



pQCD scheme and consequently are left out. 
Thus, to the considered order there are no 
loop graphs that could give rise to strong- 
interaction phases in that scheme. (How- 
ever, large phases are claimed to arise from 
on-shell piiLes of massless propagators in tree 
diagrams E3 Because these phases are domi- 
nated by soft physics, the prediction of large 
direct CP asymmetries in the pQCD ap- 
proach rests on assumptions that are strongly 
model dependent.) 

The assumption of Sudakov suppression 
in hadronic B decays is questionable, because 
the relevant scale ~ mbAqcD ~ 1 GeV^ 
is not that large for realistic 6-quark masses. 
Indeed, one finds that the pQCD calculations 
are very sensitive to details oLthe p±^ depen- 
dence of the wave functions.E3 This sensitiv- 
ity to hadronic physics invalidates the origi- 
nal assumption of an effective suppression of 
soft contributions. (The argument just pre- 
sented leaves open the conceptual question 
whether Sudakov logarithms are relevant in 
the asymptotic limit m;, oo. This question 
has not yet been answered in a satisfactory 
way.) 

6 Constraints in the (p, fj) Plane 

The QCD factorization approach, combined 
with a conservative estimate of power cor- 
rections, offers several new strategies to de- 
rive constraints on CKM parameters El Some 
of these strategies will be illustrated below. 
Note that the applications of QCD factor- 
ization are not limited to computing branch- 
ing ratios. The approach is also useful in 



combination with other ideas based on fla- 
vor symmetries and amplitude relations. In 
this way, strategies can be found for which 
the residual hadronic uncertainties arc simul- 
taneously suppressed by three small param- 
eters, since they vanish in the heavy-quark 
limit (~ Aqcd/"^6), the limit of SU(3) fla- 
vor symmetry (^ (tos — mg)/AQCD), and the 
large- iVc hmit (-- 1/Nc). 

6.1 Extraction of 7 with Minimal 
Theory Input 

Some years ago, Rosner and the present au- 
thor have derived a bound on 7 by combin- 
ing measurements of the ratios Eoxp = \T/P\ 
and = 5r(S± ^ 7r±X0)/p(5± ^ 

tt'^K^) with the fact that for an arbitrary 
stmng-interaction phase — 1 < cos 0st ^ 
1 The model- independent observation that 
cos (pst = 1 up to second-order corrections to 
the heavy-quark limit can be used to turn this 
bound into a determination of 7 (once iKibl 
is known). The resulting constraints in the 
(p, fj) plane, obtained under the conservative 
assumption that cos(/)st > 0.8 (correspond- 
ing to |(/)st| < 37°), are shown in Figure || 
for several illustrative values of the ratio i?*. 
Note that for 0.8 < i?* < 1.1 (the range pre- 
ferred by the SM) the theoretical uncertainty 
reflected by the widths of the bands is smaller 
than for any other constraint on (p, 77) except 
for the one derived from the sin 2/?^^ mea- 
surement. With present data the SM is still 
in good shape, but it will be interesting to see 
what happens when the experimental errors 
are reduced. 
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P 

Figure 6. Allowed regions in the (p,f?) plane corre- 
sponding to Ecxp = 0.22 and different values of tlie 
ratio The widths of the bands reflect the theo- 
retical uncertainty. The current experimental values 
are Ccxp = 0.22 ± 0.03 and _R* = 0.71 ± 0.14. 

6.2 Determination of sin 2a 

With the help of QCD factorization it is pos- 
sible to control the "penguin pollution" in 
the time-dependent CP asymmetry in _B — > 
7r+7r~ decays, defined such that S-^t^ = sin 2a- 
[1 + 0(P/T)]. This is illustrated in Fig- 
ure ^, which shows the constraints imposed 
by a measurement of Sj^t^ in the (p, 77) plane. 
Even a result for S-m^ with large experimen- 
tal errors would imply a useful constraint 
on the unitarity triangle. A first, prelim- 
inary measurement of the asymmetry has 
been presented by the BaBar Collaboration 
at this conference. il Their result is 3-^, = 
O.OSt^j^iO.ll. 

6.3 Global Fit to the B nK, tttt 
Branching Ratios 

Various ratios of CP-averaged B ttK, tttt 
branching fractions exhibit a strong depen- 
dence on 7 and \Vub\, or equivalently, on the 
parameters p and fj of the unitarity triangle. 
From a global analysis of the experimental 
data it is possible to derive constraints in the 




-0.6 -0.4 -0.2 0.2 0.4 0.6 



P 

Figure 7. Allowed regions in the (p, fj) plane corre- 
sponding to different values of Stttt. The widths of the 
bands reflect the theoretical uncertainty. The corre- 
sponding bands for positive Stttt are obtained by a 
reflection about the p axis. The bounded light area 
shows the allowed region obtaineetifrom the standard 
analysis of the unitarity triangle.cl 

(p, 77) plane in the form of regions allowed at 
various confidence levels. The results of such 
an analysis are shown in Figure ^ The best 
fit of the QCD factorization theory to the 
data yields an excellent x^/^-dof of about 0.5. 
(We disagree with the implementation of our 
approach piesented in recent work by Ciu- 
chini et al.E3 and, in particular, with the nu- 
merical resuhs labeled "BBNS" in Table II of 
that paper, which led the authors to the con- 
clusion that the "theory of QCD factorization 
... is insufficient to fit the data". Even re- 
stricting (p, fj) to lie within the narrow ranges 
adopted by these authors, one finds parame- 
ter sets for which QCD factorization fits the 
data with a x^/'^-dof of less than 1.5.) 

The results of this global fit are compati- 
ble with the standard CKM fit using semilep- 
tonic decays, K-K mixing, and B-B mixing 
{\Vub\, \Vcb\, ex, Arrid, Am^, sin2/3^if), al- 
though the fit prefers a slightly larger value 
of 7 and a smaller value of \Vub\. The com- 
bination of the results from rare hadronic B 
decays with \Vub\ from scmilcptonic decays 
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Figure 8. 95% (solid), 90% (dashed) and 68% (short- 
dashed) confidence level contours in the (p, f\) plane 
obtained from a global fit of QCD factorization re- 
sults to the CP-averaged B — > -nK, tttt branching 
fractions. The dark dot shows the overall best fit; 
the light dot indicates the best fit for the default pa- 
rameter set. The table compares the best fit values 
for the branching fract»orp-||(iii units of 10~^) with 
the world average data.E3'E3iIJ 



excludes 77 = at 95% confidence level, thus 
showing first evidence for the existence of 
a CP-violating phase in the bottom sector. 
Very soon, when the data become more pre- 
cise, this will provide a powerful test of the 
CKM paradigm. 

7 Outlook 

The field of B physics and CP violation is 
more lively and fascinating than ever. This 
year's discovery of CP violation in the B 
system, combined with the recent discov- 
ery of direct CP violation in K decays, are 
outstanding achievements and a triumph for 
the SM. They estabhsh the CKM mechanism 
as the dominant source of CP violation in 
hadronic weak decays. 

Yet, searches for deviations form the 
CKM paradigm are well motivated and must 
be continued with ever higher level of pre- 



cision. Some key measurements that can 
be performed in the near future include the 
observation of B^-Bs mixing, the measure- 
ment of the CP-violating phase 7 in the bot- 
tom sector, and the discovery of the time- 
dependent CP asymmetry in _B — > tt+tt" de- 
cays. On the longer term, the main focus of 
B physics should be on a systematic, detailed 
study of rare decay processes. 

The QCD factorization approach pro- 
vides the theoretical framework for a system- 
atic analysis of hadronic and radiative exclu- 
sive B decay amplitudes based on the heavy- 
quark expansion. This theory has already 
passed successfully several nontrivial tests, 
and will be tested more thoroughly with more 
precise data. Ultimately, this may lead to 
theoretical control over a vast variety of ex- 
clusive B decays, giving us new constraints 
on the unitarity triangle. 

If the CKM mechanism remains to stand 
ever more precise experimental test we will 
be facing a new decoupling problem, whose 
resolution may be linked to whatever New 
Physics there is to discover at the TeV scale. 

Acknowledgments 

I wish to thank the organizers of LPOl for 
the invitation to deliver this talk and for 
their support. I am grateful to T. Becher, 
M. Beneke, G. Buchalla, Y. Grossman, 
A. Kagan, B. Pecjak, A. Petrov, J. Rosner, 
and C. Sachrajda for many enjoyable collab- 
orations on work relevant to this talk. This 
work was supported in part by the National 
Science Foundation. 



References 

1. For a recent appraisal, see: H. R. Quinn, 
hep-ph/011GG50| . 

2. B. Aubert et al. [BaBar Collaboration], 
Phys. Rev. Lett. 87, 091801 (2001). 

3. K. Abe et al. [Belle Collaboration], 
Phys. Rev. Lett. 87, 091802 (2001). 



13 



M. Neubert: Theory of CP Violation in the B-Meson System (LPOl) 



4. A. Hocker, H. Lacker, S. Laplace and 
F. Le Diberder, Eur. Phys. J. C 
21, 225 (2001); for an update, see: 



tittp : //www. slac . Stanford, edu/ 
~laplace/ ckmf itter . html. 

5. See, e.g.: R. Fleischer and T. Mannel, 
Phys. Lett. B 506, 311 (2001). 

6. S. Bergmann and G. Perez, JHEP 0008, 
034 (2000). 

7. A. L. Kagan and M. Neubert, Phys. 
Lett. B 492, 115 (2000). 

8. J. P. Silva and L. Wolfenstein, Phys. 
Rev. D 63, 056001 (2001). 

9. G. Eyal, Y. Nir and G. Perez, JHEP 
0008, 028 (2000). 



10. Z. z. Xing, |hcp-ph/0008018 

11. G. Barenboim, F. J. Botella and 
O. Vives, Phys. Rev. D 64, 015007 
(2001); Nucl. Phys. B 613, 285 (2001). 

12. P. Ball, J. M. Frere and J. Matias, Nucl. 
Phys. B 572, 3 (2000). 

13. P. BaU and R. Fleischer, Phys. Lett. B 
475, 111 (2000). 

14. S. Bergmann and G. Perez, hep- 



ph/010329g| ; JHEP 00 08, 034 (2000) 

15. A. Ah and E. Lunghi, |hep-ph/01052"00 . 

16. A. J. Buras, P. Gambino, M. Gorbahn, 
S. Jager and L. Silvestrini, Phys. Lett. B 
500, 161 (2001). 

17. A. J. Buras and R. Buras, Phys. Lett. 
B 501, 223 (2001); A. J. Buras and 



R. Fleischer, |hep-ph/0104238 . 

18. Y. Grossman and M. P. Worah, Phys. 
Lett. B 395, 241 (1997); Y. Grossman, 
G. Isidori and M. P. Worah, Phys. Rev. 
D 58, 057504 (1998). 

19. A. L. Kagan and M. Neubert, Phys. Rev. 
D 58, 094012 (1998). 

20. Y. Grossman, M. Neubert and A. L. Ka- 
gan, JHEP 9910, 029 (1999). 

21. R. Fleischer and J. Matias, Phys. Rev. 
D 61, 074004 (2000). 

22. G. Burdman, Phys. Rev. D 57, 4254 
(1998); G. Burdman and G. HiUer, Phys. 
Rev. D 63, 113008 (2001). 

23. A. Ah, P. BaU, L. T. Handoko and 



G. HiUer, Phys. Rev. D 61, 074024 
(2000). 

24. M. Beneke, T. Feldmann and D. Seidel, 
Nucl. Phys. B 612, 25 (2001). 

25. G. Buchalla and A. J. Buras, Phys. Rev. 
D 54, 6782 (1996). 

26. D. Atwood, I. Dunietz and A. Soni, 
Phys. Rev. Lett. 78, 3257 (1997). 

27. I. Dunietz and R. G. Sachs, Phys. Rev. 
D 37, 3186 (1988) [Erratum-ibid. D 39, 
3515 (1988)]; I. Dunietz, Phys. Lett. B 
427, 179 (1998). 

28. M. Gronau and D. London, Phys. Rev. 
Lett. 65, 3381 (1990). 

29. A. E. Snyder and H. R. Quinn, Phys. 
Rev. D 48, 2139 (1993). 

30. M. Gronau, J. L. Rosner and D. Lon- 
don, Phys. Rev. Lett. 73, 21 (1994); 
O. F. Hernandez, D. London, M. Gronau 
and J. L. Rosner, Phys. Lett. B 333, 
500 (1994); M. Gronau, O. F. Hernan- 
dez, D. London and J. L. Rosner, Phys. 
Rev. D 50, 4529 (1994). 

31. A. J. Buras and L. Silvestrini, Nucl. 
Phys. B 569, 3 (2000). 

32. For a review, see: R. Fleischer, Int. J. 
Mod. Phys. A 12, 2459 (1997). 

33. M. Beneke, G. Buchalla, M. Neubert and 
C. T. Sachrajda, Phys. Rev. Lett. 83, 
1914 (1999). 

34. M. Beneke, G. Buchalla, M. Neubert and 
C. T. Sachrajda, Nucl. Phys. B 591, 313 
(2000). 

35. C. H. Chang and H. n. Li, Phys. Rev. D 
55, 5577 (1997); T. W. Yeh and H. n. Li, 
Phys. Rev. D 56, 1615 (1997). 

36. Y. Keum, H. Li and A. L Sanda, Phys. 
Lett. B 504, 6 (2001); Phys. Rev. D 
63, 054008 (2001); Y. Keum and H. Li, 
Phys. Rev. D 63, 074006 (2001). 

37. R. Fleischer and T. Mannel, Phys. Rev. 
D 57, 2752 (1998). 

38. M. Neubert and J. L. Rosner, Phys. Lett. 
B 441, 403 (1998); M. Neubert, JHEP 
9902, 014 (1999). 

39. C. W. Bauer, S. Fleming, D. Pirjol and 



14 



M. Neubert: Theory of CP Violation in the B-Meson System (LPOl) 



1. W. Stewart, Phys. Rev. D 63, 114020 
(2001); C. W. Bauer and I. W. Stew- 
art, Phys. Lett. B 516, 134 (2001); 
C. W. Bauer, D. Pirjol and I. W. Stew- 



40. 



art, |hep-ph/0109045 . 
J. D. Bjorken, Nucl. Phys. Proc. Suppl. 
11, 325 (1989). 

41. M. J. Dugan and B. Grinstein, Phys. 
Lett. B 255, 583 (1991). 

42. H. D. Politzer and M. B. Wise, Phys. 
Lett. B 257, 399 (1991). 

43. M. Neubert and A. A. Petrov, Phys. 
Lett. B 519, 50 (2001). 

44. H. Y. Cheng and K. C. Yang, Phys. Rev. 
D 64, 074004 (2001). 

45. M. Beneke, G. Buchalla, M. Neubert and 
C. T. Sachrajda, Nucl. Phys. B 606, 245 
(2001). 

46. A. Khodjaniirian, Nucl. Phys. B 605, 
558 (2001). 

47. C. N. BurreU and A. R. WiUiamson, 
Phys. Rev. D 64, 034009 (2001). 

48. T. Becher, M. Neubert and B. D. Pecjak, 



hcp-ph/0102219 . 
49. C. W. Bauer, D. Pirjol and I. W. Stew- 
art, 



hep-ph/0107002 



50. Z. Ligeti, M. Luke and M. B. Wise, Phys. 
Lett. B 507, 142 (2001). 

51. M. Diehl and G. HiUer, JHEP 0106, 067 
(2001). 

52. E. von Toerne (CLEG GoUaboration) , 
talk at the International Europhysics 
Gonference on High-Energy Physics, Bu- 
dapest, Hungary, July 2001. 



53. K. Abe et al. [Belle GoUaboration], hep- 



ex/0107048 



54. S. W. Bosch and G. Buchalla, hep- 



ph/0106081 



55. T. E. Goan ei [GLEG GoUaboration], 
Phys. Rev. Lett. 84, 5283 (2000). 



56. Y. Ushiroda [Belle GoUaboration], hep- 
ex/0104045| . 



57. J. Nash [BaBar GoUaboration], talk at 
this conference. 

58. A. L. Kagan and M. Neubert, hep- 
ph/OUOOTl . 



59. V. L. Ghernyak and I. R. Zhitnitsky, 
Nucl. Phys. B 345, 137 (1990). 

60. A. AU, V. M. Braun and H. Simma, Z. 
Phys. G 63, 437 (1994). 

61. E. Bagan, P. BaU and V. M. Braun, 
Phys. Lett. B 417, 154 (1998); P. BaU 
and V. M. Braun, Phys. Rev. D 58, 
094016 (1998). 

62. M. Giuchini, E. Franco, G. MartineUi 
and L. Silvestrini, Nucl. Phys. B 501, 
271 (1997); M. Giuchini, E. Franco, 
G. MartineUi, M. Pierini and L. Sil- 
vestrini, Phys. Lett. B 515, 33 (2001). 

63. M. Giuchini, E. Franco, G. MartineUi, 
M. Pierini and L. Silvestrini, hep- 



ph/0110022 



64. S. Ghen et al. [GLEG GoUaboration], 
Phys. Rev. Lett. 85, 525 (2000). 

65. K. Abe et al. [Belle Collaboration] 
Phys. Rev. D 64, 071101 (2001). 

66. B. Aubert et al. [BaBar Collaboration] 



hep-ex/0105061 



67. B. Aubert et al. [BaBar Collaboration], 



hep-ex/0107074 



68. S. Descotes-Genon and G. T. Sachrajda, 
hep-ph/0109260| . 

69. D. Gronin-Hennessy et al. [CLEG Col- 
laboration], Phys. Rev. Lett. 85, 515 
(2000). 

70. K. Abe et al. [Belle Collaboration], 
Phys. Rev. Lett. 87, 101801 (2001). 



15 



